Nonconvulsive status epilepticus (NCSE) is generally defined as a change in behavior and/or mental process from the baseline, which is associated with ongoing seizure activity or continuous epileptiform discharges on electroencephalography (EEG) in the absence of convulsive seizures. The present study investigated NCSE incidence using serial EEG during the perioperative periods of cerebrovascular surgery at a medium-sized, local hospital. A total of 54 patients were admitted to our department and underwent various neurosurgical procedures over a course of one year. If clinical symptoms worsened without clear explanation, EEG was performed, resulting in a diagnosis of NCSE in four patients (7.4%). The EEG abnormalities included periodic lateralized epileptiform discharges in 1 patient, triphasic waves in 2 patients, and repeated ictal discharges in 1 patient. Improved mental status and consciousness level, together with disappearance of EEG abnormalities, after appropriate anticonvulsant treatment supported the diagnosis of NCSE. The present study stressed the importance of EEG if no adequate explanation for neurological deterioration can be determined from the clinical course, laboratory data, or neuroimaging examination.
Introduction
Nonconvulsive status epilepticus (NCSE) is generally defined as a deviation in behavior and/or mental process from the baseline associated with ongoing seizure activity or continuous epileptiform discharges on electroencephalography (EEG) in the absence of convulsive symptoms, although no universal definition for NCSE is accepted. 2, 25, 29) Convulsive status epilepticus is easily recognized, whereas NCSE may present with discrete clinical features which are difficult to differentiate from unconsciousness and even normal behavior associated with primary central nervous system disease. Therefore, NCSE is typically overlooked and, consequently, not properly treated. 9, 25, 30) The incidence of convulsive status epilepticus in the population with cerebrovascular disease (CVD) remains unclear, but is estimated at 14-30%. 8, 22, 28, 32) In contrast, the incidence of NCSE in patients with CVD is relatively unstudied. 18, 23) The diagnosis of NCSE requires clinical suspicion and EEG confirmation. 2, 9, 19, 25, 29, 30) NCSE should be immediately considered in patients with CVD who suffer worsening of clinical symptoms. 29) The present study investigated the incidence of NCSE through the use of serial EEG during the perioperative periods of CVD surgery. The relationships between epileptogenesis, management, and functional outcome were also evaluated.
Materials and Methods
A total of 54 patients with CVD (ruptured aneurysm 
Results
Five of the 54 patients exhibited unexpected worsening of clinical symptoms during the perioperative period. Four patients (7.4%) had diagnoses of NCSE based on serial EEG. The detailed clinical courses and EEG findings of these 4 patients are described below and summarized in Table 1 .
Case 1: A 70-year-old man was found unconscious. On admission, the patient was in a semicomatose state (Japan Coma Scale [JCS] 100). Convulsive status epilepticus was observed in the right extremities, but was controlled with intravenous diazepam administration followed by a phenytoin loading dose.
Computed tomography (CT) revealed a small intracerebral hematoma at the right temporo-occipital junction, as well as disappearance of cortical sulci in the right temporo-occipital lobe (Fig. 1A) . Controlled ventilation via oro-tracheal intubation was performed with a midazolam drip infusion. Extubation was performed on day 3. The patient remained in a drowsy state and at times exhibited restless confusion. Verbal comprehension was barely possible, and aphasia was observed, as well as right hemiparesis. Magnetic resonance (MR) imaging using the fluid-attenuated inversion recovery se- 
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quence (FLAIR) demonstrated a high intensity area around the hematoma (Fig. 1B) . Angiography revealed a fistula from the left occipital artery to the left transverse sinus (Fig. 1C) , so the diagnosis was dural AVF. Prominent venous reflux was noted in the posterior part of the left hemisphere (Fig. 1D) .
No convulsive seizures were apparent, but EEG revealed periodic lateralized epileptiform discharges (PLEDs) on the left (Fig. 1E) . The highest amplitude epileptiform discharges were located in the left middle and posterior temporal region (T5 of the international EEG 10-20 system). Based on the diagnosis of NCSE, the antiepileptic agent was changed from oral phenytoin to carbamazepine. On day 11, the patient became well-orientated, although he still displayed mild aphasia and right hemiparesis. PLED amplitudes were significantly decreased ( Fig. 1F ). On day 20, the patient was transferred to another hospital for endovascular embolization of the dural AVF. One year after successful embolization therapy, the patient was able to live independently, although very mild aphasia was observed (mRS 1). Case 2: A 79-year-old woman suddenly developed severe headache. She was alert, but CT revealed subarachnoid hemorrhage ( Fig. 2A) and CT angiography demonstrated a ruptured aneurysm of the anterior communicating artery (AcomA). The patient was sedated with midazolam and CT on the following day revealed re-rupture of the aneurysm (Fig. 2B) . Clipping of the AcomA aneurysm was performed through the right pterional approach under general anesthesia (1-3% sevoflurane for 8 hours). During surgery, temporal occlusion of the left A 1 for 11 minutes and the left A 2 for 5 minutes was needed to perform successful clipping.
Post-surgery, the patient was in a drowsy state (JCS 30), and CT revealed an equivocal low density area in the bilateral frontal base (Fig. 2C) . Intravenous administration of edaravone and phenytoin was started. On day 3, CT revealed a low density area in the bilateral frontal lobes with intracerebral hemorrhage in the left frontal lobe (Fig.  2D) . On days 9-15, antibiotics, such as meropenem and vancomycin, were systemically administered to treat post-operative meningitis. On day 13, lumbar drainage was placed for control of progressive ventricular enlargement. Subsequently, the consciousness level of the patient was increased to JCS 2-10. However, around day 16, the patient became semicomatose. CT failed to detect any additional abnormal findings (Fig. 2E) . EEG examination on day 22 revealed triphasic waves in the bilateral frontal regions, predominantly on the right (Fig. 2F) . The initial negative components of the triphasic waves exhibited epileptiform morphologies with the components resembling spikes of``spike and slow wave'' complexes in the right frontal region (F4 and Fp2). Based on the diagnosis of NCSE, the antiepileptic agent was changed from phenytoin to carbamazepine, and the patient gradually became alert. EEG on day 26 showed disappearance of the triphasic waves.
Lumbo-peritoneal (LP) shunting was performed under general anesthesia (1-3% sevoflurane for 2 hours) for treatment of progressive hydrocephalus on day 29. Although the surgical procedure was uneventful and post-surgical CT revealed well-controlled ventricular size (Fig. 2G) , prolonged unconsciousness following anesthesia was noted. EEG on day 35 detected the reappearance of triphasic waves in the bilateral frontal regions (Fig. 2H) . The patient gradually regained consciousness with increased dose of carbamazepine. At 2 months after the initial surgery, the patient was alert and could walk with support. EEG showed disappearance of the triphasic waves. The patient was transferred to another department for further rehabilitation, and the mRS was 3 at 8 months after the initial surgery. Case 3: A 75-year-old woman was admitted to the orthopedic ward of our hospital with a diagnosis of femoral neck fracture. The patient also had dementia and had been treated with warfarin for previous cerebral and myocardial infarctions. She had a mRS score of 4. The patient was found unconscious on her bed in a drowsy state (JCS 30). CT revealed left cerebellar hemorrhage and obstructive hydrocephalus (Fig. 3A, B) .
The patient underwent hematoma evacuation via suboccipital craniotomy, followed by external ventricular draining via the left posterior horn under general anesthesia (0.3-0.5% sevoflurane with fentanyl for 5 hours and 15 minutes). Post-surgical CT demonstrated successful evacuation of the hematoma and well-controlled hydrocephalus (Fig. 3C) , but the patient remained in a semicomatose state. EEG on day 5 revealed triphasic waves in the bilateral frontal regions, predominantly on the right (Fig.  3D) . Based on the diagnosis of NCSE, phenytoin administration was started. Around day 10, the patient became alert, and FLAIR MR imaging demonstrated multiple old infarctions in the white matter of the bilateral frontal lobes, basal ganglia, and left thalamus (Fig. 3E) . EEG on day 25 detected rare triphasic waves in the right frontal region, but no triphasic waves were noted on day 85. Six months after onset, the patient was alert, but dependent, due to dementia and the femoral neck fracture. The mRS values remained unchanged from before onset of cerebellar hemorrhage. 
Case 4:
A 77-year-old man developed cerebral hyperperfusion syndrome with temporal deterioration of consciousness level and worsening of left hemiparesis on the 6th postoperative day following STA-MCA anastomosis for right MCA occlusion. This case was previously reported, 13) so only a brief description of the clinical course and long-term period observation is given. EEG revealed frequent ictal discharges (rhythmic slow waves originated from the right temporo-posterior region posterior to the anastomosis site) in the right hemisphere. With rapid improvement of EEG findings following phenytoin administration, complete recovery from hyperperfusion syndrome was achieved. At 11 months after surgery, the mRS value was 2 (unchanged from the pre-surgical state).
Discussion
The reported incidence of NCSE associated with CVD varies across studies. 25) NCSE was reported in 3-8% of patients with aneurysmal subarachnoid hemorrhage, 23, 24) but no cases of NCSE were identified in 904 patients with CVD. 22) These contradictory results are probably due to heterogeneous definitions and diagnostic criteria of NCSE. Some reports originate from tertiary epilepsy centers or neuro-intensive care units (neuro-ICU), which have continuous EEG monitoring facilities, 14) whereas others are population-based. 25, 30) The present study demonstrated that as many as 7.4% of patients with CVD developed NCSE during the perioperative period, which would not have been detected without EEG analysis. This percentage is greater than expected, and the true percentage could be higher than 7.4%.
In the present study, EEG was utilized, because patients with worse clinical symptoms than expected were suspected to have NCSE. In addition, some of the patients with expected neurological conditions could also have had NCSE. Poor neurological grade (Hunt and Hess grade III, IV, or V), thick cisternal blood clots, and structural lesions (intracerebral hemorrhage and stroke) are common in patients with subarachnoid hemorrhage associated Perioperative NCSE with NCSE. 23) Some patients may also have had NCSE prior to EEG. Because our hospital does not have a neuro-ICU, EEG is often unavailable outside working hours or on weekends. Without continuous EEG monitoring, NCSE could be missed. 18) EEG is required to verify the diagnosis of NCSE, but a large number of EEG patterns have been described in NCSE. However, many of these are controversial, particularly as to any ictal character. 4, 20) Patterns include PLEDs, bilateral independent PLEDs, periodic epileptiform discharges which can be either focal or generalized, and triphasic waves, 4, 20, 21, 25) which have been standardized by a subcommittee of the American Clinical Neurophysiology Society. 15) Functional stratification of NCSE can be based on focal or generalized features of EEG, and clinical criteria have been proposed as follows: localizationrelated NCSE, generalized NCSE, and undetermined or intermediate NCSE. 19) The present 4 cases were localization-related NCSE based on the EEG and clinical criteria. Very few of the several hundreds of cases of NCSE were described with the pathophysiological mechanisms of epilepsy.
In Case 1, EEG revealed PLEDs, occurring as periodic complexes every 1-2 seconds that consisted of spikes or sharp waves followed by a slow wave. 6) PLEDs characteristically appear in a hemisphere containing an acute unilateral forebrain lesion, which most commonly occurs in patients with CVD. 12, 17, 26) Although PLEDs may occur in fully conscious patients with epilepsia partialis continua, as well as negative motor seizures that mimic transient ischemic attack, the comatose or confusion states associated with PLEDs are generally accepted to be caused by NCSE. 2) In Case 1, the location of the highest amplitude of PLEDs was identical to the intracerebral hematoma location. Therefore, this small hematoma was thought to be an epileptogenic lesion. The relationship between PLEDs and cerebral blood flow (CBF) and metabolism is well documented, 17, 26) and blood flow changes have been shown to alter seizure threshold. 12) In addition, a reduction in threshold was found in patients who underwent CEA and developed seizures and PLEDs, which were ipsilateral to hyperperfusion-associated CEA. 27) In Case 1, the wide region of venous congestion around the small intracerebral hematoma was associated with dural AVF, which was very probably involved in the epileptogenesis.
In Cases 2 and 3, EEG demonstrated triphasic waves. The word``triphasic'' has been used to describe a waveform characterized by an initial small amplitude sharp negative component, followed by a large amplitude sharp positive wave, and ending with a slow negative wave. 1, 3, 10, 20, 21) These findings were originally limited to patients with hepatic failure, so triphasic wave encephalopathy became synonymous with hepatic encephalopathy. Subsequently, triphasic wave encephalopathy has become associated with a wide range of toxic, metabolic, and structural abnormalities. 1) However, triphasic waves are now generally accepted as one of the EEG features in patients with NCSE, although the triphasic waves of NCSE are often difficult to distinguish from those of encephalopathy. 4, 21) The distribution of triphasic waves is one of the differential points between NCSE and encephalopathy. The triphasic waves show asymmetry and predominantly focal location in NCSE, whereas the triphasic waves tend to be symmetric, anterior, and bilateral in encephalopathy. 4, 21) In the present cases, although triphasic waves were located in the bilateral frontal regions, triphasic waves on the right exhibited larger amplitude and were extended more posteriorly. In addition, laboratory data found neither liver nor renal dysfunction. Furthermore, improved mental status and consciousness level, in conjunction with disappearance of the triphasic waves, following appropriate treatment with antiepileptic agents was supportive of the diagnosis of NCSE.
The triphasic wave associated with NCSE assumes a particular epileptiform morphology with prominent and distinctive first phases resembling spikes of``spike and slow wave'' complexes. 19) In Case 2, the triphasic waves in the right frontal region exhibited such complex morphology, and we postulate that the acute infarction in the right frontal lobe, caused by intraoperative temporary occlusion of the dominant A 1 , was the epileptogenic area. We also thought that subarachnoid clots, post-operative meningitis, and administration of carbapenem antibiotics for meningitis were additional factors in the development of NCSE.
In Case 2, NCSE recurrence was noted after placement of the LP shunt under general anesthesia with sevoflurane. The intracranial procedures were not performed during surgery, so the NCSE recurrence was probably due to the pharmacological effect of sevoflurane. The relationship between sevoflurane and intra-or peri-operative drug-induced seizure has been extensively investigated. 33) A review of 30 studies which had investigated sevoflurane and epileptiform EEG changes and/or seizurelike movements in both epileptic patients and normal patients found that the incidence was very variable (0-100%). 7) According to the recommendations, hypocapnia should be avoided and the dose of sevoflurane limited to below 1.5 minimum alveolar anesthetic concentration during maintenance of
anesthesia by use of adjunctive drugs (either opioids, benzodiazepines, or nitrous oxide) and routine EEG monitoring. However, inhalation of sevoflurane is often used during epilepsy surgery to induce epileptic activities on intraoperative electrocorticography and identify the epileptogenic area in patients with intractable epilepsy. 11, 16) Therefore, sevoflurane anesthesia should be probably avoided in patients with preexisting epilepsies and intracranial pathologies that can induce symptomatic epilepsies.
In Case 3, triphasic waves in the right frontal region exhibited``spike and slow wave'' complex morphology, unrelated to the right cerebellar hemorrhage. Although most cerebellar outputs inhibit epileptic seizure, 5) it is generally accepted that there is no relationship between cerebellar hemorrhage and epilepsy. In Case 3, the epileptogenic lesion was thought to be the old infarction in the right frontal region, which was affected by acute hydrocephalus and sevoflurane anesthesia.
In Case 4, delayed cerebral hyperperfusion syndrome developed at 6 days after STA-MCA anastomosis for right MCA occlusion. EEG demonstrated frequent ictal discharges, which originated from the right occipital region or temporo-occipital junction posterior to the anastomosis site that extended to the central and parietal region. Although whether seizures or delayed hyperperfusion were the initial phenomenon cannot be determined, hyperperfusion has been shown to be the major factor in NCSE development. 13, 27) The possible pathophysiological mechanisms of NCSE in our 4 cases are summarized in Table 1 . The 4 patients presented with epileptogenic lesions and additional factors, so the development of perioperative NCSE was multifactorial. Venous congestion and hyperperfusion were the major pathophysiological mechanisms of NCSE in Cases 1 and 4, respectively. Since acute hydrocephalus and subsequent drainage was also associated with CBF change in Case 3, change in CBF may be the most important factor in the development of perioperative NCSE.
The mortality and morbidity are mainly dependent on the underlying etiology and age, but NCSE carries a poor prognosis, and prompt diagnosis and subsequent treatment is critical. 2, 9, 14, 18, 21, 25, 29) The first recommended treatment for NCSE is infusion of benzodiazepine agent, such as 5-10 mg diazepam. 21, 25, 29) In particular, EEG should be continued in patients with triphasic waves to observe the effects of diazepam and to distinguish between NCSE and encephalopathy. 21) The second step is infusion of phenytoin or phenobarbital. 21, 25, 29) If prolonged seizure activity is noted, midazolam or propofol anesthesia may be indicated. 21, 25, 29) In the present study, venous phenytoin administration, rather than diazepam, was used as the first intervention in 2 cases. Diazepam depressed the consciousness level, 19) although the effects and role of diazepam in the diagnosis of NCSE remain under discussion. 4) Prophylactic administration of phenytoin was given in the other 2 cases, although no criteria are specified for postoperative administration of prophylactic antiepileptic agents in our hospital. The antiepileptic agents were changed from phenytoin to carbamazepine based on the diagnosis of localization-related NCSE. These prompt and appropriate antiepileptic agent treatments resulted in rapid improvement in clinical and EEG findings and better functional outcome in all patients.
No firm conclusion can be drawn from a 1-year study at a medium-sized, local hospital, but we found that NCSE was quite common (7.4%) during the perioperative period of CVD surgery. EEG should be considered, even in the absence of seizures, if no adequate explanation for neurological deterioration can be established based on the clinical course, laboratory data, or neuroimaging findings.
